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Few-layer black phosphorous (BP) has recently emerged as a promising candidate for next 
generation nanophotonic and nanoelectronic devices. The tunable intrinsic bandgap (~0.3 eV for 
bulk and ~2 eV for monolayer)
[1,2]
, high carrier mobility and highly anisotropic properties of few-
layer BP,
[1,3-5]
 make it a desirable candidate for a variety of applications, including energy 
generation and storage systems as well as chemical/bio-sensing.
[6-11]
 For most of these applications, 
the material does not necessarily need to be in the form of a monolayer, but rather as a thin film, 
composite, or an embedded structure.
[12]
 
A fundamental challenge hampering implementation of few-layer BP in practical scalable devices 
is its vulnerability to ambient degradation within a few hours.
[13-15]
  As a result the material rapidly 
loses its semiconducting properties and is rendered unusable. The mechanism and causes of this 
degradation is still a subject of investigation, with recent reports indicating the combination of light 
and oxygen in the presence of ambient moisture being the key factor.
[16,17]
 Considering that these 
factors play a synergistic role, analogies may be drawn between the BP degradation mechanism and 
biological systems. An elegant example is photosystem II chemistry in plants, wherein a 
combination of light and oxygen is known to produce highly oxidising radicals and reactive oxygen 
species (ROS) that are toxic to organisms.
[18] 
However, the biological systems have the unique 
ability to protect and/or repair themselves from such photo-oxidative damages by employing a 
number of antioxidants.
[18,19]
  
To-date, the strategies employed to protect BP have relied upon preventing its exposure to 
atmospheric conditions.
[16,20]
 Chemical modifications have also been widely utilised to manipulate 
the optical and electronic properties of nanomaterials.
[21-27]
 However, these approaches have not 
capitalised upon the antioxidant potential of molecules that could sequester the damaging ROS 
generated on the nanomaterial surface through environmental interactions, which eventually causes 
material degradation. 
     
 
In this work, we carefully engineer a biomimetic platform to protect environmentally-sensitive 2D 
materials through their surface treatment with antioxidant molecules. Our method draws inspiration 
from the unique ability of biological systems to avoid photo-oxidative damages caused by ROS.
[19]
 
Since BP undergoes similar photo-oxidative degradation,
[10,16] 
we employ imidazolium-based ionic 
liquids (ILs) as quenchers of these damaging species on the BP surface. As such, we exploit the 
ROS quenching ability of ILs to stabilise few-layer BP against ambient oxidation. Our strategy 
fundamentally differs from the previously reported BP protection techniques, wherein the reported 
methods employ a blocking layer that acts as a physical barrier between the BP and the 
environment. This physical barrier may be in the form of a layer of inorganic material such as 
aluminium oxide, or a layer of organic molecules such as aryl diazonium ions that form covalent 
bonds with the free surface atoms of BP.
[26,28-35]
 We acknowledge that the ability of ILs to act as 
appropriate exfoliation solvents to produce few-layer BP has been explored;
[36]
 however the role of 
IL in actively sequestering ROS to protect BP against ambient degradation, thereby preserving its 
long-term electronic characteristics has not been considered. Therefore, an important distinction of 
our strategy is to employ ILs as a functional chemical barrier, which without strongly interacting 
with BP, actively participates in rapidly capturing any ROS that is generated on the BP surface via 
environmental interactions. This IL-mediated chemo-sequestration approach offers advantages in 
terms of (i) non-covalent modification of the BP surface, which may otherwise cause changes in the 
electronic properties of pristine BP, and (ii) an advance in protecting BP through directly targeting 
its mechanism of degradation under ambient conditions which eliminates the requirement of 
isolating the material from the environment, and therefore offering avenues to extending this new 
approach for the protection of other 2D materials that suffer from oxidative degradation. 
Additionally, ILs also have the potential for being employed as gate dielectrics to efficiently tune 
the Fermi energy in BP based electric-double-layer transistors.
[37]
 
     
 
We choose two imidazolium based ILs, with the same 1-butyl-3-methylimidazolium [BMIM] 
cation, but with different anions. Tetrafluoroborate [BF4] anion makes the IL highly polar, whereas 
hexafluorophosphate [PF6] anion makes the IL non-polar. Our investigations begin with the 
hypothesis that the hydrophobicity of [BMIM][PF6] may be more favourable in providing 
resistance against BP degradation, since ambient moisture is known to facilitate photo-oxidation of 
BP.
[10,16]
 We treat the surface of 10-15 nm thick BP flakes (see supporting Figure S1) using these 
two ILs independently and test their effectiveness using an in situ environmental scanning electron 
microscopy (ESEM) technique.  
ESEM is used to obtain insights into the oxidising chemical reactions that can degrade BP, and to 
monitor the degradation rate in real time (Figure 1). This is achieved by imaging BP using an 
electron beam whilst the ESEM vacuum chamber is filled with a small amount (~8 Pa) of H2O 
vapour. Electron irradiation under such conditions is known to generate highly reactive radicals 
similar to ROS that give rise to oxidation in the vicinity of the electron beam, thereby leading to 
chemical etching of even inert materials such as diamond.
[38]
 Figure 1a shows a schematic 
representation of this process. Here, the radicals give rise to the rapid degradation of pristine BP 
within 15 min of imaging (corresponding to an electron irradiation fluence of 2.71×10
19
 
electrons·cm
-2
) as seen in Figure 1b and Supporting Video 1. The evolution of pristine BP surface 
degradation is further captured using time-lapse AFM imaging (Supporting Videos 2 and 3) 
In contrast, the IL-treated samples are significantly more resilient and able to withstand more 
aggressive electron exposures. The [BMIM][PF6]-treated BP deteriorates only partially after 120 
min of electron exposure (corresponding to an electron fluence of 5.43×10
21
 electrons per square 
cm), as is seen in Figure 1c and Supporting Video 4. The [BMIM][BF4]-treated BP is highly stable 
and resilient even after 180 min of exposure and a total electron beam fluence of 1.58×10
22
 
electrons per square cm (see Figure 1d and Supporting Video 5). To confirm that the BP 
     
 
degradation seen in the ESEM images is caused by oxidising radicals generated through the 
dissociation of H2O rather than by direct electron beam damage, reference exposures were 
performed in high vacuum (~3×10
-4
 Pa), where the observed degradation rate is several orders of 
magnitude lower than in the presence of 8 Pa of H2O vapour (see Figure S2 in the Supporting 
Information). Hence, our in situ ESEM studies validate the dominant role of ROS in BP 
degradation, while establishing that the relative hydrophobicity of [BMIM][PF6] (shown in Figure 
1c) does not result in superior stabilisation of BP.  
To obtain insights into the nature of binding of ILs to BP, we performed density functional theory 
(DFT) calculations (Figure 2). The modelling studies for both basal and edge planes of BP reveal 
the chemisorption of [BMIM] cation without forming a covalent bond, such that the association of 
the IL ion-pairs to BP is slightly stronger in case of [BMIM][BF4] over [BMIM][PF6] (other 
optimised structures are shown in Supporting Information, Figures S3-S8). As BP degradation is 
observed to initiate from its edge plane, we also modelled the influence of the crowding effect of 
ILs at the BP edge. Introduction of an additional molecule makes IL binding to BP more favourable 
without influencing their relative binding affinity towards BP. Even though in the case of both ILs, 
the chemisorption of [BMIM] cation to BP through its imidazole ring is thermodynamically 
favoured; the electrostatic interactions between the anion and the cation play an important role in 
dictating the overall binding energies of the two ILs. Further, the binding of the ILs to BP appears 
to cause minor lattice distortions, similar to those observed previously, when aryl diazonium 
chemistry was explored for surface passivation of exfoliated BP.
[26]
 It may be noted that our DFT 
studies have focussed on a single phosphorene monolayer, largely due to the requirement of 
significantly longer computation time for multilayer BP, along with the established fact that the 
binding energy between multiple phosphorene layers is known to be dominated by van der Waals 
type forces.
[39]
 Therefore, we would expect that adsorbing the ILs on a multi-layer phosphorene 
structure is unlikely to have a significant effect on the interaction energy. This is further supported 
     
 
by our DFT studies which reveal that the positions of the individual P atoms in the phosphorene 
monolayer are little changed after the IL adsorption. This indicates that the IL-BP interactions are 
localised to the outermost, and closest, P atoms. Hence, we would expect that adding layers of P to 
the model will not significantly change the results and influence the conclusions that we draw. As 
such, theoretical and experimental studies collectively reveal that stronger binding of [BMIM][BF4] 
to BP makes it a superior stabilising agent compared to [BMIM][PF6]. It is also noted that ILs with 
[PF6] anions are not very stable under ambient conditions and may gradually produce corrosive 
species, such as HF, which may be responsible for partial degradation of BP flakes observed under 
ESEM.
[40] 
As a result, we further focus our investigations on studying the role of [BMIM][BF4] IL 
in BP stabilisation and its use in practical devices.   
We employ X-ray photoelectron spectroscopy (XPS) to study the binding of [BMIM][BF4] to the 
BP surface and its effect on stabilisation (Figure 3a and Supporting Figure S9). The chemical 
nature of surface-treated BP was probed with C 1s, N 1s, P 2p, B 1s and F 1s core level XPS 
spectra, background corrected using Shirley algorithm, and deconvoluted into individual 
components using a Gaussian-Lorentzian function. The P 2p core level binding energies show 
features corresponding to P-P (130 eV), P-C (132.5 eV), P-N (133.5 eV) and P-O (134.1 eV), 
which agree well with literature assignments (Figure 3a).
[26,31]
 The P-C (284 eV)
[26]
 and P-N (401.1 
eV) signatures are also observed in the C 1s and N 1s spectra, supporting the chemisorption of the 
imidazolium ring observed in DFT modelling. Additional signatures corresponding to B 1s and F 1s 
core levels reflect the presence of [BF4] anion, through the [BMIM][BF4] IL chemisorbed on the 
BP surface, as also observed through DFT studies. The relative stability of IL-treated BP over 
pristine BP is also evident from XPS, which shows that while the pristine BP readily oxidises 
within 72 h, the surface-treated BP remains largely stable. A marked decrease in the intensity of P–
O feature in surface-treated BP confirms the ability of [BMIM][BF4] in protecting BP against 
ambient degradation.  
     
 
We next utilise confocal Raman spectroscopy to evaluate the ambient stability of the pristine and 
[BMIM][BF4]-treated BP flakes (Figure 3b). BP exhibits three distinct Raman modes at 361 cm
-1
 
(A
1
g mode), 438 cm
-1
 (B
2
g mode) and 465 cm
-1
 (A
2
g mode). The A
1
g mode originates primarily from 
the out-of-plane vibrations of phosphorus atoms along the c-axis, while the B
2
g and A
2
g modes arise 
from the in-plane vibrations of phosphorus atoms along the b-axis (armchair) and a-axis (zigzag), 
respectively.
[41]
 The A
1
g mode is considered for the mapping as it remains constant when 
normalized to the Si transverse optical mode and hence provides a good reference for 
comparison.
[42]
 In case of the pristine BP, the intensity of the A
1
g mode becomes non-existent 
within a week. However, the [BMIM][BF4]-treated sample shows a largely non-variant intensity 
map even after 36 days of ambient storage and multiple cycles of exposure to a Raman laser. To 
quantify these observations, average peak intensities (normalised to the respective day 1 values) 
acquired on multiple flakes from each of the samples are analysed (Figure 3c). All three Raman 
modes show almost complete decay by Day 08 in the case of pristine BP (see Supporting 
Information Figure S10 for the corresponding pixel-by-pixel raw map and an analysis of the B
2
g 
and A
2
g modes). In contrast, the intensity average for the  [BMIM][BF4]-treated BP flakes, remains 
largely consistent, showing an intensity drop in the range of 7.5–9.0% over a period of 36 days. We 
attribute this drop to the laser induced photo-oxidation of BP during multiple cycles of Raman 
spectral mapping. In fact, to circumvent this issue, researchers typically deposit an aluminium oxide 
passivating layer on BP flakes prior to extended Raman measurments, which is not required in our 
case. The average trend observed in multiple BP crystallites coupled with the spatial Raman 
analysis further highlights the effectivness of the proposed [BMIM][BF4] IL-based surface 
treatment methodology against ambient degradation of BP. The potential of [BMIM][BF4] IL in 
protecting BP flakes is further supported by AFM time-lapse videos on pristine (Supporting Videos 
2 and 3) and IL-treated BP flakes (Supporting Video 6). We also located sub-10 nm flakes to verify 
the effectiveness of the IL-treatment on thinner flakes by employing Raman mapping over a period 
     
 
of 15 days (see Supporting Information Figure S11). We chose two flakes of thicknesses ca. 6 nm 
and 9 nm respectively, which along with original data on ca. 10-15 nm flakes, allows a comparison 
of the effectiveness of IL protection on BP flakes of different thicknesses. The 6 nm flake was 
chosen from a sample exfoliated and IL-treated under ambient, whereas the 9 nm flake was 
exfoliated and IL-treated under inert N2 environment. As thinner flakes are more prone to ambient 
degradation, this choice allows us to validate the rigour of IL protection on thinner flakes produced 
under ambient conditions as well. During this period, we did not observe any noticeable influence 
on the ability of IL to protect BP flakes obtained under different exfoliation conditions, viz. inert 
vs. ambient. In general, pristine BP flakes degrade completely in less than a week (Figure 3b). As 
such, even though BP might get slightly oxidized when exfoliated under ambient conditions; those 
minor oxidation events do not interfere with the protective ability of ILs against further ambient 
oxidation as indicated by the comparison between the stability of two samples as shown in 
Supporting Information Figure S11. Next we focus on understanding the mechanism responsible 
for protective effects of [BMIM][BF4] IL. Exposure of BP to light and molecular oxygen leads to 
ROS generation,
[43]
 which are considered to play a dominant role in BP degradation,
[16]
 as also 
experimentally validated through our current ESEM studies (Figure 1). Analogously, in biological 
systems, natural antioxidants, such as carotenoids, play an important role in neutralising such 
damaging ROS.
[19]
 Artificial compounds such as imidazoles have also been found to sequester these 
damaging species.
[44]
 As such, to understand the underlying role of [BF4]-based imidazolium IL in 
BP protection, we performed biochemical assays that assess the IL-mediated quenching of three 
different ROS, namely, singlet oxygen species (
1
O2), as well as hydroxyl (OH
∙
) and superoxide (O2
∙ 
−
) radicals (Figure 4) (see Supporting Information Section 7 for details). A schematic 
representation of the mechanism is provided in Figure 4a, illustrating that photogenerated ROS 
becomes non-accessible to the BP surface owing to the IL-facilitated sequestration. It is seen from 
Figure 4b that when photogenerated 
1
O2 is exposed to as low as femtomolar concentrations of 
     
 
[BMIM][BF4], this IL can sequester and quench ~90% of this damaging species. Other free radical 
species (OH
∙ 
and O2
∙ −
) are also quenched to the similar levels, albeit requiring millimolar 
concentrations of IL. Therefore, it is inferred that [BMIM][BF4] provides a unique ability to protect 
BP via sequestration of the damaging ROS. 
To elucidate the applicability of our method to real world devices, we fabricate a field effect 
transistor (FET) from the [BMIM][BF4]-treated BP. Figure 5a shows the I–V curves of a 
surface-treated BP FET at varying gate voltages. Figure 5b and 5c show a comparison of the 
transfer characteristics (ID vs VG) and transconductance obtained from a FET on a pristine and a 
[BMIM][BF4]-treated BP flake, respectively. It is seen that the performance of the pristine sample 
deteriorates rapidly within 8 days resulting in a total loss of switching properties. On the other 
hand, treatment with [BMIM][BF4] preserves the electrical characteristics for 92 days.  
In summary, we demonstrate a robust procedure to stabilise mechanically-exfoliated few-layer 
black phosphorus (BP) and protect it from oxidation and deterioration. This makes BP amenable to 
device engineering. In particular, we first affirm the damaging role of reactive oxygen species using 
an in situ ESEM study. Subsequently, we show that [BMIM][BF4] ionic liquid can effectively 
sequester these reactive oxygen species, thereby preventing photo-oxidative degradation of BP 
flakes under ambient conditions. The chemical mechanism of the ionic liquid chemisorption to the 
BP flakes is studied using DFT modelling. The surface-treated BP retains its key electronic 
characteristics for 92 days. This chemical sequestration strategy offers new post-synthesis 
possibilities of employing chemical species with antioxidant properties to protect environmentally-
sensitive 2D materials against photo-oxidative damages. In addition, since ILs offer potential as a 
solvent for liquid phase exfoliation synthesis of 2D materials,
[36] 
mechanistic findings from this 
study will assist in improving the efficiency of current liquid phase exfoliation strategies. Further 
investigations into this technique have the potential of achieving tunability of 
     
 
electronic/optoelectronic as well as chemical properties of BP, enabling functional 2D materials and 
systems. 
Experimental Section 
Synthesis and treatment: For all the experiments conducted in this work, few-layer BP crystals 
were obtained via poly-dimethyl-siloxane (PDMS) assisted micromechanical exfoliation of 
commercial bulk black phosphorus crystals (Smart Elements) on a 50 nm SiO2/Si substrate that 
were pre-cleaned using acetone and isopropanol and dried with high purity, compressed N2. Surface 
treatment was carried out straight after the synthesis process by drop-casting the ILs on two 
separate samples. The ILs were left on the surface for ~40 min before being intensively washed off 
using acetonitrile and blow dried with N2. 
In situ ESEM: Electron beam irradiation was performed on pristine mechanically exfoliated few-
layered BP on a SiO2/Si substrate as well as IL-treated BP flakes. The samples were loaded in a 
variable pressure NanoSEM field emission gun SEM. The system was pumped down to a base 
pressure of 3×10
-4
 Pa. Water vapour was then injected into the chamber so as to achieve a chamber 
pressure of 8 Pa. The BP flakes were imaged using a magnetic-field-assisted gaseous secondary 
electron detector. Electron beam irradiation was performed by imaging the samples repeatedly with 
a 20 keV, 1.35 nA electron beam using a scan rate of 3.36 ms/line and 1452 lines/frame. The flakes 
were exposed for up to three hours, as indicated in the figures. 
Raman spectroscopy: The spatial Raman peak intensity mapping was conducted on a Horiba 
LabRAM Evolution micro-Raman system equipped with 9 mW, 532 nm laser (0.5 µm lateral 
resolution, 0.25 s exposure), and a 50× objective.    
AFM: AFM imaging was conducted on a Dimension Icon AFM in Scan Assist mode. 
     
 
ROS quenching studies: The ability of [BMIM][BF4] IL to quench ROS was performed by 
assessing its impact on independently sequestering three oxidative species, namely 
1
O2, O2
-
 and 
.
OH. These respective species were produced through photo-excitation of methylene blue, 
hypoxanthine/xanthine oxidase, and horseradish peroxidase, as elaborated in the Supporting 
Information Section 7. 
BP FET fabrication and characterisation: FETs were fabricated on mechanically-exfoliated BP 
on 50 nm SiO2/Si substrates. After the transfer, a photoresist layer was spin-coated at 4,000 rpm for 
45 s followed by 100 ºC soft bake. The electrode patterns were UV-exposed using a mask aligner 
system (MA6, SUSS MicroTech) and subsequently developed. The metal electrodes Cr/Au 
(10/100 nm) were then deposited on the developed patterns using electron beam evaporation. 
Finally, the lift-off in acetone was carried out to reveal the required metallic contact pads for micro-
probes and electrical measurement. The FET measurements were conducted using a Keithley 
4200SCS semiconductor parameter analyser. All measurements were performed under ambient 
conditions.  The electrical characteristics were measured weekly for 36 days in parallel with the 
Raman measurements. Beyond that, the sample was left under ambient conditions and retested after 
92 days. 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the authors 
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Figure 1. a) Schematic representation of the electron beam induced ROS production that causes 
degradation of an unprotected BP surface. b-d) ESEM micrographs of the BP flakes imaged in the 
presence of H2O vapour. b) pristine BP. c) [BMIM][PF6]-treated BP and d) [BMIM][BF4]-treated 
BP flakes. The flake in b deteriorated and shrunk rapidly into the small dark feature as seen in the 
figure, as well as in Supporting Video 1. 
     
 
 
Figure 2. (Left to right) DFT-calculated thermodynamically favoured structures and corresponding 
binding energies for ILs. a) [BMIM][PF6] and b) [BMIM][BF4] chemisorption on BP basal plane, 
edge plane and with two IL pairs on the edge plane. It is evident that the [BMIM][BF4] binds more 
strongly to both BP planes compared to [BMIM][PF6]. 
  
     
 
 
Figure 3. a) Deconvoluted P 2p core-level XPS spectra after 72 h of ambient exposure for a pristine 
and a [BMIM][BF4]-treated BP flake. The evolution of the P–O feature at 134.1 eV in pristine BP 
is indicative of the photo-oxidation at the surface within 72 hours. In the case of a surface-treated 
BP flake, the P–P, P–C and P–N features are predominant. b) Spatial Raman peak intensity maps 
(A
1
g) for a representative pristine BP flake (Day 01 and 08) and [BMIM][BF4]-treated BP flake 
(Day 01 and 36). Scale bars denote 1 µm. Corresponding pixel-by-pixel map is shown in 
Supporting Figure S10. c) Evolution of the normalised intensity (averaged from multiple BP flakes) 
of the A
1
g Raman mode over the course of ambient exposure. It can be seen that even after multiple 
exposures to the Raman laser, the surface-treated flakes are largely preserved. The error bars 
represent a confidence interval of 95%.  
     
 
 
Figure 4. a) A schematic representation of the [BMIM][BF4] IL-induced ROS sequestration 
mechanism on the BP surface.  b) The ability of [BMIM][BF4] to quench different photo-oxidative 
species, wherein the differences in the molar concentrations of the IL required to quench 
1
O2, OH
∙
 
and O2
∙ −
 levels are notable.  
  
     
 
 
Figure 5. a) ID–VD curves of a [BMIM][BF4]-treated BP FET with varying gate voltages. b) 
Transfer characteristics of a pristine and [BMIM][BF4]-treated BP FET over the course of ambient 
exposure. c) comparison of transconductance of a pristine and [BMIM][BF4]-treated BP FET over 
92 days. It is seen that the characteristics of surface-treated BP FETs are preserved, whereas the 
electronic properties of the pristine BP FET shows rapid degradation within 8 days. 
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1. Description of supporting videos 
Supporting Video 1. In situ ESEM video of a pristine BP flake. This time lapse video covers 
15 min of exposure. 
Supporting Video 2. Time-lapse video compiled using continuous AFM imaging of a pristine BP 
flake over a period of 10 h. The area shown in the video represents 2.9×2.9 µm2. 
Supporting Video 3. Magnified version of supporting video 2, which clearly illustrates the 
formation of degradation induced bubbles. 
Supporting Video 4. In situ ESEM video of a [BMIM][PF6]-treated BP flake. This time lapse 
video covers 2 h of exposure. 
Supporting Video 5. In situ ESEM video of a [BMIM][BF4]-treated BP flake. This time lapse 
video covers 3 h of exposure. 
Supporting Video 6. Time-lapse video compiled using continuous AFM imaging of a 
[BMIM][BF4]-treated BP flake over a period of 10 h. The area shown in the video represents 
7.3×7.3 µm2. 
Details of AFM time-lapse videos shown in Supporting Videos 2, 3 and 6. To create the AFM 
time-lapse videos, a Bruker Atomic Force Microscope (Dimension Icon) was used. A pristine and a 
[BMIM][BF4]-treated BP flake were individually imaged at a scan rate of 1 Hz and a pixel density 
of 256×256 for a continuous period of 10 h. Most importantly, the microscope stage and sample 
were not moved during this time to minimize vibrations or distortions in the images. The resulting 
images were flattened using a Nanoscope Analysis software and exported as .tiff files. These files 
were then imported as an image sequence into Adobe Premiere Pro editing software and translated 
into Quicktime video (.mov) with a H.264 codec and a frame rate of 25 fps.  
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2. AFM and Raman pre and post [BMIM][BF4] treatment 
 
Supporting Fig. S1. a) AFM image and b) corresponding thickness profile of a representative BP flake before and after 
[BMIM][BF4] treatment, c) Full Raman spectra of a pristine and a [BMIM][BF4] treated BP flake, SiO2/Si substrate and 
pure [BMIM][BF4]. Scale bar denotes 200 nm. 
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Fig. S1a shows the surface of two representative BP flakes before and after treatment with 
[BMIM][BF4] along with their corresponding thickness profiles (Fig. S1b). It is seen that the 
average surface roughness of the BP flake increases from 0.33 nm to 0.85 nm after treatment with 
[BMIM][BF4]. No change is observed in the roughness of the substrate indicating that the IL binds 
only to the surface of the BP flakes. The AFM images also indicate that a thin layer of the IL 
exhibiting a net-like morphology attaches to the BP surface. These surface-bound IL molecules are 
responsible for the sequestration of the reactive oxygen species that are generated at the BP surface 
when exposed to ambient conditions. Figure S1c shows the full range Raman spectra of the 
substrate, pristine BP and a [BMIM][BF4] treated BP. It can be seen that no additional IL peaks 
appear in the BP spectra after the IL-treatment, which suggests that the IL forms only an extremely 
thin coating on the BP surface which cannot be readily captured in the Raman measurement. This is 
due to the limitations of Raman spectroscopy in terms of capturing minute chemical signatures (as it 
has a scattering cross section of 1 in 10 million). The absence of Raman signatures corresponding to 
IL on the BP surface do not imply the absence of [BMIM][BF4]. XPS, which is a highly surface 
sensitive technique (Fig. S9) does confirm the presence of IL on the surface of BP.  
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3. High vacuum electron beam irradiation 
An electron beam irradiation control experiment was performed in high vacuum to delineate the 
role H2O in the observed degradation of pristine BP. The chamber was pumped to a pressure of 
3×10-4 Pa and an electron beam flux of 4.52×1019 electrons·cm-2min-1 was used to expose a pristine 
flake of BN. This contrasts with the lower beam flux of 1.81×1018 electrons·cm-2min-1 used in the 
corresponding experiment shown in Fig. 1b.   
Degradation is evident in SEM images shown in Fig. S2 after ~140 min. In contrast, severe 
degradation (the flake nearly disappeared) was observed after only 15 min when the corresponding 
experiment was performed using the lower electron beam flux under 8 Pa of H2O (Fig. 1b), 
confirming the dominant role of H2O vapor in the observed degradation mechanism. 
We note that the slow degradation observed in high vacuum is likely caused by residual H2O 
adsorbates which are known to be present in high vacuum SEM chambers, and have been shown to 
cause slow, electron beam induced chemical etching (i.e., oxidation) of carbon.[1] 
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Supporting Fig. S2. a-d Depiction of the degradation process under the electron beam without any moisture. It can be 
seen that the degradation under the electron beam in the absence of H2O is significantly slower when compared to the 
rate of sample deterioration in the presence of H2O. 
 
4. Details of the DFT calculations 
Density functional theory (DFT) calculations were performed using the projector-augmented wave 
method[2] and the generalised-gradient approximation with the exchange-correlation function of 
Perdew, Burke and Ernzerhof (PBE)[3] as implemented in the Vienna ab initio simulation 
package.[4-6] Grimme’s D3 method was used to account for van der Waals corrections.[7] The 
electronic wave functions were expanded in a plane-wave basis with an energy cut-off of 420 eV.  
Adsorption of the [BMIM][PF6] and [BMIM][BF4] ionic liquids was considered on both the basal 
plane and edge of the phosphorene nanosheet. The basal plane was represented by a phosphorene 
monolayer sheet and the edge by a nanoribbon. The structures used had lattice parameters of 
a=3.294 Å and b=4.571 Å, as previously determined by Jing et al. who employed a similar 
computational method.[8] To model the monolayer structure, a [5×4] supercell was created, 
corresponding to a supercell of dimensions 16.47 Å × 18.28 Å, with a vacuum spacer of 17.94 Å in 
the z-direction to allow for sufficient space to accommodate the ion pairs without interaction with 
the periodic image. The x-axis was aligned along the zigzag direction and the y-axis along the 
armchair direction. After optimisation, the in-plane P-P bond lengths were 2.22 Å and the interlayer 
bridge lengths were 2.26 Å, in close agreement with Jing et al [8] who calculated these distances to 
be 2.216 Å and 2.253 Å, respectively. The phosphorene nanoribbon was created by inserting a 
vacuum spacer of 16.72 Å in the y-direction. To accommodate two ion pairs along the side of the 
nanoribbon, the cell length was doubled along the x-direction. The width of the nanoribbon in the y-
direction was reduced by removing 2 rows of P atoms in order to reduce the computational cost. 
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The [BMIM][PF6] and [BMIM][BF4] ion pairs were initially adsorbed approximately 3 Å above the 
basal plane or the edge of the nanoribbon in different orientations and sites. During geometry 
optimization, the lattice parameters were fixed while the atomic positions were relaxed until the 
total energy was converged to 10-4 eV and the Hellman-Feynman force on each relaxed atom was 
less than 0.03 eV/Å. A Monkhorst-Pack k-point mesh of 4×4×1 (2×2×1) was used for models 
incorporating 1 (2) ion pairs. Ab initio MD simulations were performed at 300 K for the most stable 
structures (as implemented in VASP), using a plane wave basis set expanded at the Γ point only in 
the Brillouin zone for a simulation time of up to 6 ps followed by a geometry optimisation. The 
most stable structures are presented in the main manuscript. The other structures obtained are 
shown in Supporting Figs. S3-S8. 
The binding energy (BE) values were calculated using the formula: BE = Etot(IL/P)− [Etot(IL) + Etot(P)] 
where Etot(IL. P) is the total energy of the ion pair (IL) adsorbed on the phosphorene (P), Etot(IL) 
is the total energy of the isolated ion pair and Etot(P) is the total energy of the clean phosphorene 
monolayer or nanoribbon. Stable structures have a negative binding energy. 
     
 
 
S8 
 
 
Supporting Fig. S3. Less stable optimised structures and binding energies for adsorption of [BMIM][PF6] on the basal 
plane of BP.  
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Supporting Fig. S4. Less stable optimised structures and binding energies for adsorption of [BMIM][BF4] on the basal 
plane of BP.  
 
Supporting Fig. S5. Less stable optimised structures and binding energies for adsorption of [BMIM][PF6] on the edge 
of BP. 
 
Supporting Fig. S6. Less stable optimised structures and binding energies for adsorption of [BMIM][BF4] on the edge 
of BP. 
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Supporting Fig. S7. Less stable optimised structures and binding energies for adsorption of 2 × [BMIM][PF6] 
molecules on the edge of BP. 
 
 
Supporting Fig. S8. Less stable optimised structures and binding energies for adsorption of  
2 × [BMIM][BF4] molecules on the edge of BP. 
 
 
5. XPS core levels from a BP flake after [BMIM][BF4]-treatment 
The XPS core level profile of [BMIM][BF4]-treated BP flake (Supporting Fig. S9) shows distinct 
presence of chemical species arising from [BMIM][BF4] bound onto the BP surface. 
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Deconvolution of C 1s core level spectrum shows four features corresponding to C-P (284 eV),[9] 
adventitious carbon (285 eV), C-N (286.8 eV)[10] and C-O from surface adsorbed COx (288.4 eV). 
N 1s core level could be deconvoluted into two features corresponding to the P-N signature (401.1 
eV) and that from the imidazolium ring of the IL (402.4 eV).[11] The presence of C and N 
signatures on the BP surface and binding energies corresponding to P-C and P-N signatures support 
direct passivation of BP surface by the [BMIM] cations. Presence of additional core levels 
corresponding to B 1s (193.96 eV) and F 1s (685.4 eV)[11] and their alignment with the binding 
energies of native [BF4] species support that [BF4] anions remain conjugated to the BP surface 
through forming ion pairs with the [BMIM] cations. These observations are in support of DFT 
calculations.  
 
Supporting Fig. S9. XPS core levels corresponding to C 1s, N 1s, B 1s, F 1s, arising from a [BMIM][BF4]-treated BP 
flake.  
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5. Time dependent trend analysis of BP Raman modes 
 
Supporting Fig. S10. a) Corresponding pixel-by-pixel map of the BP flakes shown in Figure 3b, where the scale bar 
denotes 1 µm and b) Evolution of the normalised intensity (averaged from multiple BP flakes) of all three BP Raman 
modes of pristine and [BMIM][BF4]-treated BP over the course of ambient exposure. The analyses of the A1g, B2g and 
A2g Raman modes over a period of 36 days show similar trends. The conclusion that can be drawn from the Raman 
intensity study over 36 days is that the [BMIM][BF4]-treated BP flakes survive for extended periods even after being 
exposed to a highly intense Raman laser multiple times under ambient conditions.the A1g Raman mode over the course 
of ambient exposure. It can be seen that even after multiple exposures to the Raman laser, the surface-treated flakes are 
largely preserved. The error bars represent a confidence interval of 95%.  
a 
b 
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6. Stability comparison of BP flakes exfoliated under different conditions correlated with 
thickness 
 
 
Supporting Fig. S11. a) Optical and corresponding AFM images of [BMIM][BF4] treated BP flakes exfoliated and IL-
treated in ambient (Sample 01) and inert (Sample 02) conditions, b) Corresponding thickness profiles and c) Raman 
maps of the A1g mode over a period of 15 days. Scale bars in a) and c) denote 2 µm. 
 
Fig. S11 shows a comparison of degradation of two sub-10 nm thick BP flakes prepared under 
different environmental conditions (inert and ambient). Sample 01 is exfoliated and IL-treated 
under ambient conditions, whereas Sample 02 is exfoliated and IL-treated under inert conditions. 
The corresponding optical and AFM images along with their thickness profiles are presented in Fig. 
S11a and S11b respectively. To evaluate their stability, the flakes were subjected to Raman 
mapping over a period of 15 days (Fig. S11c). During this period, we didn’t observe any noticeable 
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influence on the ability of the IL to protect BP flakes obtained under different exfoliation 
conditions, viz. inert vs. ambient. In general, pristine BP flakes degrade completely in less than a 
week (Figure 3b).  Further, it is likely that BP might get slightly oxidized when exfoliated under 
ambient conditions; however the results suggest that those minor oxidation events do not interfere 
with the protective ability of ILs against further ambient oxidation. From a comparison of stabilities 
of BP flakes 10-15 nm thick and sub-10 nm flakes, it is evident that the IL-based ROS sequestration 
strategy proposed in our study is viable for sub-10 nm BP flakes as well.  
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7. Experimental details of the ROS quenching study 
Materials 
 
Horseradish peroxidase (HRP), phosphate buffered saline (PBS), hypoxanthine, catalase from 
bovine liver, xanthine oxidase from bovine milk, TRIZMA® base, 9, 10-anthracenediyl-bis 
(methylene) dimalonic acid (C22H18O8) (ABMDMA) and dimethylsulfoxide (DMSO) were 
purchased from Sigma Aldrich. TMB substrate reagent kit and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were procured from BD Sciences (USA) and Life 
Technologies, respectively. Methylene blue (MB) was purchased from Unilab Chemicals, Australia. 
 
ROS quenching experiments 
Singlet oxygen (1O2) quenching. Singlet oxygen radicals were generated by photo-irradiating MB, 
while its formation was confirmed through the degradation of ABMDMA due to these radical 
species.[12] Three different concentrations of ILs were added to the reaction and irradiated with 
visible light. The sequestration of singlet oxygen species by ILs reduced the efficiency of 
ABMDMA degradation, which was measured using Envision multimode plate reader (Perkin 
Elmer). The presented data and associated standard deviations are an average of three independent 
experiments, each performed in quadruplets.     
Superoxide (O2∙ −) quenching. Hypoxanthine/xanthine oxidase system was used to generate the 
superoxide radical, in whose presence, the yellow colour MTT changed to purple due to the 
superoxide radical.[13] To assess the quenching ability of ILs, three different concentration of IL was 
separately introduced into a reaction and the quenching ability was monitored using a plate reader. 
The presented data and associated standard deviations are an average of three independent 
experiments, each performed in quadruplets.        
Hydroxyl free radical (OH∙) quenching.  Peroxidase activity by HRP enzyme proceeds via the 
formation of  OH∙ radical, and therefore HRP was used as the source of OH∙ radical.[14] To 
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understand the ROS quenching ability of ILs, three different concentrations of ILs were separately 
introduced into a reaction that consisted of HRP (5U), TMB (0.2 mM) and H2O2 (1 mM). Control 
experiments were performed in the absence of IL. The colour change in the medium was monitored 
using Envision multimode plate reader (Perkin Elmer). The presented data and associated standard 
deviations are an average of three independent experiments, each performed in quadruplets.  
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